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ABSTRACT 
FROM MLCROSTRUCTCIRE TO MACROSTRUCTURE A.ND FVXCTION 
IN TRE PHOTOCHEMLCAL APPARATLTS* 
Professor Melvin Calvin 
Department of Chemistry and Radiation Laboratory, University 
of California, Berkeley 
ABSTRACT 
October 22, 1958 
A discussion is presented of the macrostructure of the chloroplast in- 
sofar as it is known and knowable by means of microscopy (visible, ultraviolet 
and electron). This leads to a number of principles of structure to be found 
in the g r a m  universally distributed throughout the plant kingdom. A chemical 
analysis of the constitution of these lamellar structures leads to a deduction 
of structural principles for such molecules as are found theyein. The agplication 
of these structural principles to the visible structure of the lamella leads to 
e microstructure on a molecdar leve;L of these lamellae which, fa turn, leads 
to a theory of their fluxtion. 
FROM MICROSTRUCTURE TO MACROSTRUCTURE AND FUNCTION 
IN m PROTOCREMICAL APPARATUS* 
Professor Melvin Calvin 
Department of Chemistry and Radiation Laboratory 
University of California, Berkeley,California 
October 22, 1958 
When the symposium was described to me some months ago and it was suggested 
that I might participate in it; on m y  subject that I chose, I selected the ambi- 
tious title which you find in your program. I felt that we really should know 
something about the microstructure and function of the photosynthetic apparatus. 
In fact, I still think we should (and wish we did) so I could tell you about it 
You have heard in the last two days (and you will hear more again tomorrow) 
something about both the function and the structure of the photosynthetic appar- 
atus. You heard a whole series of discussions of the elements of structure which 
were common to all of the photosynthetic apparatus. You also heard a number of 
descriptions of the things of which the photosynthetic apparatus is capable, or 
is called upon to do. And I want to review just briefly what these things appear 
to be. 
Clearly we expect the photosynthetic apparatus ultfnately to reduce 
carbon dioxide and evolve oxygen from water to make carbohydrate, or whatever 
else the plant has to make, The essential feature that we have more or less 
* Transcription of address presented at Brookhaven National Laboratory Symposium 
on  he Photochemical Apparatus : Its Structure and Function", June 16-18, 1958. 
To be published in the proceedings of that symposium. The work described in 
this paper was sponsored by the U. S. Atomic Energy Connnission, 
agreed on that the photosynthetic apparatus must accomplish is the production, , 
from water, of a reducing moiety of some sort and an oxidizing moiety of some sort; 
and that reducing entity, whatever it may be, with the cooperation of additional 
fragments having their origin in these two, reduces carbon dioxide to the carbohy- 
drate level, primarily. The other entity which is to be produced by the photosyn- 
thetic apparatus will lead eventually, in the green plant, to molecular oxygen. 
In those organisms which do not produce molecular oxygen the oxidizing moiety, 
whatever it may be, w i l l  oxidize the electron donor characteristic of that 
particular organism, 
The structures that we have seen described, both for the green plants and 
the lower organisms (the bacteria), contain in them the essential feature, the 
1 lamellae, which Dr. Sager previously described and to which I will call to your 
attention again in a moment with another picture which you haven't yet seen. 
The enzymatic apparatus for the reduction of carbon dioxide seems to be rel- 
atively easily parted from what we will henceforth call the photosynthetic 
apparatus, and which performs the primary energy conversion. 
Another function which is closely assocbted with the photosynthetic appar- 
atus, in both the green plants and the lower organisms, is the phosphorylation 
function which also in the case of the green plants, as you already know, can be 
parted from the oxygen-producing function. In the case of the bacteria, so far 
at least the only test that we have for biological activity(the only test that has 
been described for biological activity) of a fragment less than the whole organ- 
ism is %he phosphorylation function and this is separable from the carbon di- 
oxide redmirig scheme as Dr. ~er~eron* has described. 
1. 3. ;.Sagor, Brookhiwen llational Laboratory Biology Conference No. 11 (1958), 
page q 
2. J, Bergeron, Brookhaven Rational Laboratory Biology Conference No. 11 (1958), 
page 0 
I x0uI.d l i k e  t o  e l m a t e  discussion of the  enzymatic functions which pro- 
Isably ex i s t ,  e i t h e r  close t o  o r  outside of the  d i s c s  described by D r .  Sagerzmd 
the  c:womatophores, and lhdt our discussion t o  how the  electromagnetic ener,v 
i s  converted i n to  some so r t  of chemical po ten t ia l ,  
The t n e  of s t ruc ture  t h a t  pe r foms  t h i s  t s a n s f o m t i o n  you have seen i n  
m y  p ic tu res  t h i s  morning, but  1 would l i k e  t o  s b w  one more, Figure 1 i s  a 
pic ture ,  by Vatter, .Fihich was mfdng  from the  e a r l i e r  discussions; t h i s  shows 
a nice clean ordered a r ray  of these lamellar  d i s c s  which we have seen and heard 
described e a r l i e r ,  Now we &we hzd a descr ipt ion of what nust  be accomplished 
and we have seen about a s  much of the  s t ructure  of the  apparatus t h a t  does it, 
as  we r e a l l y  bow, i n  t h i s  f igure.  There a re  many m d i f i c a t i o n s  and var ia t ions  
of t h i s  s t ructure ,  but  I think t'ris p ic ture  represents t he  extent  of what we 
r e a l l j  do kaow about the apparatus,. a t  l e a s t  insofa r  as i C v  can be made v i s ib le .  
For many years the  problems associated with the  conversion of electromag- 
ne t i c  energy i n to  the  f i r s t  kind of chemical p o t e r t i a l  have been discussed by 
a va r i e ty  of workers i r z  t he  f i e ld .  Notable auong -the discus 8 a re  Frmck 3 
and Gaffron' who defined the  problem i n  very precise  terms and recognized the  
need f o r  the  separation of %he primary oxidant from the  primary reductant and 
the problem of the  l i fe t ime  which the  i n i t i a l  exc i ta t ion  i n  a physical f o m  
rnmt L v e  i n  order f o r  t h i s  t r m s f o ~ t i o n  t o  take place i n  an e f f i c i e n t  way. 
There a u s t  be a long l i f e  f o r  the  exci ta t ion and/or a l a rge  mount of acceptor 
fo r  t he  con-rersion of t h i s  electromg,xletic energy i n to  chemical energy. A 
va,riety of o ther  problem were associated with the  fundamental question. We 
H. Gaffron i n  Rhythmic and Synthetic I?ro@essea i n  Growth, Chapter V I I ,  Ed. by 
D. Eudnick, PSinceton Unfversfty Press, Princeton, New Jersey (1957),p. 127. 
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Figure 1. Ultra~t~mcture  of chloroplasts 
encountered the same problems ?,&en we began t o  think about how t h i s  sor t  of 
thing might be accomplished, but by the t i n e  we got to  thinking about it we 
already had the beaut i ful  ordered pictures of the photosynthetic apparatus which 
you have seen. We already '3ad some model systems and a background of inform- 
ation about ordered arrays of various k i d s  f o r  energy transformation, and it 
seemed t o  us that the search i n  s t a t i s t i c a l  photochemistry i n  solution had not 
been f r u i t f u l  i n  fi4j-filling the demand tha t  would be required for  a process 
such as this .  
We therefore proposed t o  t r y  to  account both for  the basic problems in- 
volved in t h i s  process and the structures t h a t  were vis ible  to  the electron 
microscopist almost t o  the molecular l eve l  i n  terns  of a primary photo~hysical  
process rather than a photochemical one. 59 You have heard the term photo- 
pkysics before i n  t h i s  conference, and the question was raised as  t o  what 
was r ea l ly  the d is t inc t ion  between the two terns.  I t ' s  a ra ther  simple d i s -  
t inction. In a photophysical process the separation of the oxidant and the 
reductant takes place without the motion of nuclei, without actual ly  having 
to  separate atomic nuclei, one fron the other (break or make bonds, in other 
words), vhereas i n  a photochemical yrocess nuclear separation does take place. 
Model systems of such a t r ans fomt ion ,  namely, the solar converters had 
Seen l a o n  for  many years (i.e., bar r ie r  layer ce l l s  and the like)' and more 
recently the junction c e l l s  i n  atornfchttices,  such as sf l icon and germanium. 
ide thought It  light be possible to  devise a similar apparatus u s b g  molecular 
5. E. Katz, i n  Photosynthesis in Plants, Chapter XV, Ed, by W. E. Loomis, and 
5. Pranck, E w a  State  ~ o l 4 e s  Press, Ames, Iowa ( ~ 9 4 9 ) ~  pa 291. 
6 .  9. F. 3radQ itr1d Me Calving Proc. Nat. Acad. Sci. 41, 563 (1955) 
7 .  D o  M. Chapin, C. S. Fuller and G. L. Pearson, Bell, Lab. Record, -3 3 241 (1955). 
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la-b-kites instead 02 a toa ic  l a t t i c e s .  Fortunately, there 'bad been some work done 
32 t 5e  e l e c t r i c a l  proper t ies  of molecular l a t t i c e s .  I think one of the e a r l i e s t  
observations o f  t h i s  s o r t  was t ha t  of D. D, Eley at  the  Universi ty of Nottinghm, 
who m d e  the  f i r s t  de f in i t i ve  measurements of t he  semiconducting proper t ies  of a 
zolecular  substance, i n  a fo& sense ra ther  c lose ly  r e l a t ed  t o  chlorophy91, 
nmely, phthalocyanin. 6 
Since t h a t  t h e ,  research i n  the  area  of examination of the  e l e c t r i c a l  
proper t ies  of molecular crys ta ls ,  both a s  semiconductors and a s  photoconductors, 
has m a e  considerable pro@ress, and I w i l l  t r y  t o ~ s a y  a few words about t h i s  a s  
9 
we go along. However, t he  progress i s  not enough f o r  m e  t o  be able  t o  define fo r  
us  absolutely the  s t ruc tu r a l  requirements t ha t  one would have t o  have i n  order 
50 achieve t'ae kind of photobattery which seems t o  be opesat i rg  i n  the  photosyn- 
t h e t i c  apparatus, 5 
With t h i s  background of thought, it seemed wise t o  us  t o  seek some more 
d i r e c t  e:cperinen?tal method of obseming such a phenomenon, i f  it existed, ia the  
$ m t a s p t h e t P c  apparatus i t s e l f .  The most d i r e c t  kind of measurement would 
10 
'33 aornething of the  s o r t  vhich D r .  Amold described t o  you yesterday, namely, 
t o  p11 out one of these lamellae and put e l e c t r ~ d e s  on e i t h e r  s ide  of the 
landla and t a n  on the  light t o  see what kind of po t en t i a l  i s  generated. Un- 
r? s. 3 .  D. Eley, Nature, -9 162 819 (1948) . 
9 D. C. Morthmp and 0.  Simpson, Proc. Boy, So@, ~ 2 3 4  -9 124 (1956); R. A k m t u ,  
Be Inokuchi and Y. Matsumaga, B u l l .  Chern. Soc. Japan, - 29, 213 (1956); D. D. 
%ley, G. D. P a r f i t t ,  M. Perry and D. He Taysurn, Trans, Faraday Soc. 9,79 
(1953) ; Do Do Eley and G o  D. P a r f i t t ,  Trans. F a r d a y  Soc. 2, 1529 (1955) ; 
F e h y e r  and Way, J. Electrochen. Soc. 105 -2 1 4 1  (1958). 
1t3. W. Arnold and Ho Maclay, Brookhaven National Laboratory Biology Conference 
&be 11 ( ~ 9 5 8 ) ~  page I; W. Arnold and R, KO Sherwood, Proc, N a t .  Acad. 
Sci. -9 43 105 (1957). 
fortunately, these lamellae are too small for us to do this yet. I think it 
may be possible to devise ways of making direct measurements of photo-induced 
conduction, or I should say carriers, in such systems which one cannot trace be- 
ibween two contact electrodes, and Dr. Arnold has already made a step in this di- 
rection. We have devised other ways of handling the chloroplasts with a view 
to doing a similar thing, and perhaps one day we may have something to report 
on this. 
However, there is another property associated with this type of lamellar 
structure wlich we thought we might be able to observe. When the light is turned 
on to a semiconducting system and the electrons are raised from their ground 
state into some conduction level, they can wander around independently of the 
positive charge (if they are in the conduction level, that is, by definition, 
what they are doing). Eventually these electrons find themselves in a position 
where there will be an acceptor for the electron at a potential slightly below 
that of the conduction band(for the electron), and similarly for the hole which 
finds itself at a place where it can be trapped at a somewhat lower energy 
E h a  the conduction band itself. Thus, we would have separated, without moving 
nuclei, the reducing agent and the oxidizing agent from each other, provided the 
traps were themselves separated in space and if they were at a somewhat lower 
11 
potential than the conduction bad its9f. One would then have available what- 
ever lifetime the trapped electrons and holes had, to use them for the oxidation 
of water or the reduction of some suitable hydrogen carrier at leisure; that is, 
leisure with respect to the lifetime of the original excited electronic molecular 
state, but this would still be a pretty fast reaction. 
11. G. Tollin, P. B. Sogo and M. Calvin, Ann. N. Y. Acad. Sci. (in press); G. 
Tollin, P. B. Sogo and M. Calvin, J. Chim. Phys. (~rance), in press. 
With this idea in mind, we thought we could measure the rate at which elec- 
t~ons are produced and how many there were by the method of electron spin reson- 
ace. Those of you who are familiar with tnis type of experiment will have to bear 
xith those who are not, because I want to say just a word about it. 
When an upaired electron, which has a spin, is placed between the pole 
pieces 02 a magnet, the spinning electron acts like a little magnet and will 
oriert itself with the field or against it; there are two possible orientations. 
The energy difference (w) between these two orienkations corresponds to a fre- 
quency (y,) a d  is dependent upon ti?e strength of the magnetic field (R) . All 
that is required, then, to detect such upaired electrons is to place the sample 
(chloroplasts, chromatophores, bacteria, etc.) between the pole pieces of a 
magnet and pass radiation of a suitable wavelength through it. If the wave- 
length corresponds to the energj of the transition between the two orientations, 
Ynen that energy will be absorbed; an ordinary absoqtion measurement is all 
that it is, Instead of varying the wavelength what we usually do is vary the 
strength of the magnetic field because the energy spread between the two orienta- 
tions is dependent upon the strength of the magnetic field, We keep the wave- 
length constant, usually at about 3 cm; for this transition the field is of the 
order of about 3000 gauss, The energy involved is extremely little and one can 
detect very small numbers chf the electrons bX measuring t'ae resonance absorption, 
that is, the groper field at which they absorb Ohis set frequency. The machine 
11 
we use can mcasure, under the hest conditions, as few as 10 electrons, but 
nomlly it isn't running under those conditions; it usually runs under some- 
what poorer conditionsD 
We made these electron spin resonace measurements on a variety of organisms 
and frapents of organisms and we indeed saw an electron spin resonance when we 
zurned the  photosynthetic l i g h t  on, Figure 2 w i l l  show what t he  resonance looks 
l i k e  a t  room temperature f o r  whole spinach cUoroplas ts .  This resexnbles the  
resonance of an ordiaary f r e e  r ad i ca l  which you can g e t  from a wide va r i e ty  of 
organic substames upon mild oxidation, The question was :  was t h i s  a l s o  an 
ordinary organic f ree  rad ica l ,  obtained a s  a seaiquinone e i t h e r  by reduction or  
oxidation of some component i n  t he  c e l l  (o r  i n  the  chloroplas ts)  . l2 If t h i s  
r ad i ca l  were t h e  r e s u l t  of some ordinary chemical o r  enzymatic react ions  which 
took place r e l a t i v e l y  r ap id ly  a t  room temperature, one might expect t h a t  a s  one 
cools the  sample down t o  -150' t he  reaction would not take place. However, 
when one does cool iQ down t o  -15 , one s t i l l  g e t s  a photo-induced s i s a l  
i n  the  cUoroplas ts ;  i t s  behavior i s  somewhat d i f f e r en t  from what it i s  a t  
25', bu t  a s igna l  i s  there,  nevertheless. This speaks f o r  the  nonenzymatic 
character  of t h e  formation of t h i s  odd e lect ron ( t h i s  unpaired e lect ron spin).  13 
One would l i k e  t o  know how e f f i c i e n t  t he  l i g h t  i s  i n  producing these  un- 
paired e lect ron spins. Ogle of t he  questions t h a t  was raised,  and with which we 
were concerned r i g h t  from the  beginning, was a possible ra te- l imi t ing s tep  
f o ~  photosynthesis i n  these  regions of the  process. We had reason t o  suppose, 
from such experiments a s  t he  ea r ly  ones of Fherson and h o d 4  t h a t  there  
mighk be some l imi t ing  process with a l i f e t ime  of t he  order of a few hundred- 
t h s  of a second, and we have seen t h i s  time l i i i t a t i o n  i n  a va r i e ty  of other 
cases. We were in teres ted t o  see how f a s t  the  spin resonance s igna l  would 
r i s e ,  a d  we s e t  the  machine on a peak of the  s ignal  ( f i r s t  f inding it with the  
l i g h t  on, then turning t he  l i g h t  off  t o  allow the  s igna l  t o  disappear) and 
then we see how f a s t  it comes i n  upon illumination. Figure 3 shows f o r  
12. P. Be Sogo, Me R, J o s t  and M. Calvin, Radiation Res. ( i n  p e s s ) .  
13. P. 3 ,  Sogo, N. G ,  Pon and M, Calvin, Proc, N a t .  Acad. Sci ,  -9 43 387 (1957). 
14. R. Emerson and We Arnold, J. Gen. Physiol. 15, 391 (1932); 5 190 (1932). 
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Figure 2. Spin resoname of whole spinach chloroplasts 
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Figure 3. Growth and decay curves of whole spinach chloroplasts at T = 25'~ 
spinach cLLoroplasts t h a t  the  s igna l  r i s e s  a t  room temperature a s  f a s t  a s  
the  machine can go. We have no way of measuring under present  circumstances 
the  l im i t a t i on  on t h e  i n t r i n s i c  r a t e  of formation of these  rad ica l s  a t  room 
temperature. The same thing i s  t r u e  a t  4 .50~.  The height of the  s igna l  seems 
a b i t  smaller here (and indeed it i s ) ,  although p a r t  of t h e  change may be due 
t o  broadening. In both cases, hovever, the  r a t e  of r i s e  was instrument-limited, 
not l imi ted by t he  material.  When we did  measure the  r a t e  of r i s e  under condi- 
t ions  when it was  l imited by the  r a t e  a t  which we put  i n  quanta, we found 
that t h e  r a t e  of r i s e  corresponded t o  a qua~ltwn yie ld  o f  t he  order of un i ty  
f o r  these unpaired spins a t  t he  low temperature, The number of unpaired spins 
with respect  t o  the  number of chlorophyll molecules was on the  order of one 
i n  a hundred, o r  one i n  f i ve  hundred, depending upon t he  mater ia l  used. 15  
We went t o  another type of organism. About the  time we were doing t h i s  
eqer iment  I heard from D r .  R. C. Fu l le r  about h i s  chromatophores from the  
Chromatium, So we asked him f o r  a sample of h i s  chromatophores from the  
Chromatium (whf ch he kindly sent  us ( i t  must have been a year ago) . We 
stored the  sample i n  the  deepfreeze fo r  s i E  months. (we d idn ' t  do t h i s  on 
purpose, but  f o r  reasons which I am sure all of you who ever had t o  work i n  
the  laboratory a r e  fully aware of:  the  machine wasn't working and we had t o  
ge t  it going again). We f i n a l l y  got the  machine going again (a new one was 
bu i l t ,  i n  f a c t )  and we put D r ,  FulPer's chromatophores i n t o  the  machine. Sure 
enough, they gave very nice  signals,  b e t t e r  than the  green material,  i n  fac t .  
Then we p t  i n  whole Rhodospirillum rubrum ce l l s ,  without breaking them up. We 
put the  whole c e l l s  i n  because they a r e  ea s i e r  t o  handle t'nan the  chromatophores 
with 
and ;re got p r e t t y  much the  same kind of resu l t s ,  although/the refined equipment 
1 e q e c t  t h a t  -we w i l l  be able  t o  see the  di f ference between chromatophores and 
15. P. B. Sogo and M. Calvin, unpublished r e s u l t s  from t h i s  laboratory. 
whole c e l l s  when the  proper eqerirnents were done, 
A t  the  moment, 1 want t o  repor t  t o  you only t h a t  t he  general  pa t te rn  of 
behavior of the  chromatophores and of the  Rhodospirillum rubsum (which I am 
going t o  descr ibe  t o  you now) i s  about t he  same, t o  the  degree of resolution 
t ha t  I can. d iscuss  today, Figure 4 w i l l  show the  s ignals  t h a t  one ge t s  from 
RhodospirAllum. Notice t h a t  a t  room temperature ( the  t h i r d  s ignal  down) t he  
s igna l  w a s  a c tua l l y  smaller than it i s  a t  -15' o r  -55'. A t  -160' it i s  smaller 
than it i s  a t  any of the  other  th ree  temperatures. One can take the  dis tance 
between the  top and bottom of t h i s  peak a s  a measure of the  number of unpaired 
e lect rons  in steady-state equilLbrium with the  l i g h t  on ( the  l i g h t  i s  on a l l  
the time here) ,  The next eqer iment  was again a grow-bh and decay eqer iment  
vi$h t he  Rhodospirillum and the  r e s u l t s  a r e  shorn i n  Figure 5. Notice t ha t  
both the  r i s e  Cine and the  decay time a t  -160° a r e  a s  f a s t  a s  the  ~mchine can 
follow. A s  we warm the  mater ia l  up t o  -550g you see a somewhat d i f f e r en t  
type of curare, There i s  a very f a s t  r i s e  t h e ,  followed by a slower one; then 
( a f t e r  30 seconds) we turn the  l i g h t  off  and there  i s  a f a s t  f a l l ,  followed 
by a slower one* As we warm the  mater ia l  up a l i t t l e  more ( t o  -15') there  i s  
a s t i l l  bigger f a s t  r i s e  (p r e t t y  near sa turat ion)  and when we tun? it off ,  
there  i s  o n l y  a very small, rapid f a l l ,  When we ge t  up t o  25', we get  a 
curve which looks very much l i k e  the  very low temperature one (-160") ; it 
50th goes up and drops very rap id ly  and there  seems t o  be no long- l i fe  signal .  
The way t h i s  information was interpreted was a s  follows. A t  the  very low- 
est t e q e r s t u r e  we were making and seeing conduction e lect rons  which had ex- 
k e m e l y  shor t  l i f e t imes ,  A s  we warmed the  s q l e  up, the re  was a pos s ib i l i t y  
f ~ r  these conduction e lect rons  t o  f ind t h e i r  way in to  t raps .  In t h i s  case 
(the _Rhodospiri~uzn) there  appears t o  be a small temperature coef f ic ien t  f o r  
the  conversion of  the  conduction e lect rons  i n to  the  t r ap  electrons.  The 
ESR SIGNALS FROM RHODOSP/R/LLUM RUBRUM 
5 M l NUTES CONTINUOUS ILLUMINATION 
MU-15137 
Figure 4. ESR signals from Rhodospirilhlum rubrum f ive  minutes 
continuous iUumination. 
ON OFF 
LIGHT 
Figure 5. Rise and Decay of ESR Signals from Rhodospirillum 
-
rubrwn, 
co-duct ion e lect rons  disacpear e a s i l y  and the  trapped e lect rons  more slowly, 
0 
at -55 . A t  -15' we go even fu r the r  i n to  the  t raps  and no conduction e lect rons  
were v i s i b l e  then; they were going on beyond the  conduction hand i n to  the  next 
stage ( i n to  the  t rap)  and beyond t h a t  i n t o  enzymatic react ions ,  possibly of f ree  
rad ica l  nature. And, f i a a l l y ,  a t  +25', no slow react ions  remain; all the  r e -  
act ions  a r e  f a s t  reactions and these  almost c e r t a in ly  a r e  enzymatic reactions.  
This i s  described diagrammatically i n  Figure 6. The chlorophyll goes 
f i r s t  t o  i t s  excited s ta te ;  the  excited s t a t e  wanders around a s  an exciton 
u n t i l  it f inds  a point  of ionizat ion leading t o  the  e lec t ron  and hole, which 
can move separately.  The e lect ron and holes f ind  t h e i r  way in to  the  traps,  
where they can s u r v i ~ e  Tor r e l a t i v e l y  long periods of time. The trapped 
h o l e s  (pos i t ive  charges o r  oxidants) can take an e lect ron away from water 
(o r  some equivalent molecule) ko f o m  chemical rad ica l s  which lead eventually 
t o  oxygen, while the  trapped e lect rons(reductant)  a r e  handed on t o  su i tab le  
acceptors leading through chemical rad ica l s  t o  tbe  more s t ab l e  reducing agents 
used f o r  the  ult imate reduction of carbon dioxide. 
A l l  we had t o  do, you see, i n  order t o  account f o r  t h i s  sequence i s  t o  
recognize that a s  we go from l@fit-; t o  r i g h t  ( i n  Figure 6)  there  i s  an increasing 
temperature coef f ic ien t  f o r  each o f  the  steps, and a s  we warm the  mater ia l  up we 
go fu r ther  along i n  t h i s  sequence i n  a given period of time, We could diagram 
t h i s  i n  other w a y s ,  and Figure 711 indicates  one of the  a l ternat ives ,  sim- 
i l a r  t o  t h a t  of D r ,  Arnold. The grourzd s t a t e  of chlorophyll i s  broadened 
out because of in te rac t ion  and the  excited s t a t e  i s  broadened s t i l l  more. 
The t r i p l e t  s t a t e  band i s  r e l a t i v e l y  narrow; the  electrons,  a f t e r  ionization, 
go i n to  the conduction band where they a r e  separated i n to  traps (they drop 
i n to  e lect ron and hole t r aps ) ,  These e lect rons  can then be  picked up by s u i t -  
able  ca r r i e r s  and handed down t o  pyridine aucleotides, e t c ,  f o r  quinone re -  
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duction and carbohydrate formation, and the hole on the other side we don't know 
very much about. Presumably the cytochromes are involved in this process as well 
as perhaps also the carotenoids, but we really don't know. 
It should be mentioned at this point that the possibility of direct photo- 
dfssociatfon to produce chemical radicals as the first photochemical act has 
been considered. 16917 It was considered unlikely in the case of the green 
mterial (which m s ,  observed first) because the spin signals appeared just 
as raaidly at -170: as they did at 25'~. But it may be argued that there is 
precedent in chemistry for the direct photoformation of radicals even at this 
low temperature because of the high energies localized in the absorption of 
even a red quantum, ~ M c h  should lead to the separation of radicals so that 
18 
theymight be observed. But if this were the case, then they shouldbe stable, 
once formed, and separated at the low temperature, a situation for which there 
f s also ample chemical pece$dent. While the signal induced in the green 
material is stable at low temperatures,that induced in purple bacteria is 
not. It decays as fast as the instrument can follow it at -160~. Furthermore, 
the photo-induced signals in both the red and green structured elements are in- 
sensitive to the presence of oxygen at both room temperature and low temper- 
atures in contrast to the photo-induced signals in the alcohol extracts of 
t 2 e s e  partf cles (chlorophyU-carotenoid-lipid structures ) which are due primarily 
1-6. Ha Linschitz and S. A. Weissman, Arch. Biochem. and Biophys, 67, 491 (1957). 
17. A, A. Krasnovskii, J. Chfm. Phys. (~rance), in press. 
88. J. A. Baltrop, P. M. Hayes and M. Calvin, J. Am. Chem. Soc. 76 4348 (1954). 
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to chemical radicals of various types and which are not even formed at the low 
temperatures. It seems reasonable to suppose that the initial processes in 
both orgmisms are similar, the differeoce being that the illumination of the green 
preparations leads to relatively more deeply trapped electrons and holes. 11 
Returning to the basic plan shown in Figure 7, the next stage in our 
eqloration is to see if there is any possible way of accounting for such a 
system as this and account for it within the framework of the electron micro- 
scope structures which we saw thismorning. Here I want to introduce a basic 
notion. It seems to me that it Pkn't necessary to assume that the whole form 
of the lamellar structure is built on templates; it may be so, but we have no 
evidence for this. I would rather seek to find ways of building this structure 
out of the molecules of which we know it must be composed (we are on the edge, 
now, of seeing the molecules as a result of the molecular propertiesthem- 
selves), In order to do this we would like to examine some of the basic prin- 
ciples of molecular int era@ tion (aside from electrostatic ones introduced by 
the presence of charges) as they have been developed in recent years (and, for 
that matter, a long time ago for some of the simpler types). 
When molecules find themselves in solution, they will (as you heard 
earlier yesterday) take up configurations of the lowest energy, This leads 
a 
to crystallization when the number of molecules in the solution exceeds/certain 
minimum value characteristic of those particular molecules. Such molecular 
interaction described in terms of crystallization can be extended to the kinds 
of molecule we find must be present in these lamellar systems. TheEe are really 
t:wee basic kinds of molecules present that we can descrihe unequivocally; 
There may be others that we can't describe as yet. These basic kinds of mole- 
cules are the proteins, the lipids, the chlorophyll ad, presumably, the caro- 
tenoid when it is there; these are the basic kinds of molecules with which we 
are going to try and build the lamellar structure. 
Let us have a look at the specificity of molecular interaction, both on 
the micro le~rel and on the macromolecular level, and, finally, discuss the kind 
of structures to which these interactions may lead. In seeking examples of 
such specific molecular interactions I was impressed by some work which really 
has not much to do with lamellar structure but which does have something to do 
with molecular interaction and specificit$, ,and I would like to take a moment 
to describe it to you. As you know, it is possible to make polyadenylic acid 
from the mononucleotide and a suitable enzyme. This material, when dissolved, 
in a medium of proper pH and ion strength, and examined by the usual methods 
of macrmolecu4ar chemistry, sho+itself to be a random coil. Similarly, one 
can make pol-yuridylic acid in the same way; put id in a corresponding solution 
19 of the same ion strength and the same pH and it will also be a random coil . 
If we mix these two solutions(the solution of polyadenylic acid and the 
solution of polyuridylic acid) a very interesting thing happens. A rather 
specific interaction between these two solutions takes place and instead of 
being random coils we find that they become a stiff double helix, in which 
the adenine and uridine rings fo +ydrogen bonds with each other between each 
of the coils to give rigid, rod-like structure(~igure 8). Here is a very 
specific and powerful intgwaction leading to a marked change in the be- 
ha-~ior of the solution and, in fact, it may lead ( and I think under certain 
s.aitabB:ircumstances could be made to lead) to visible structures in solution, 
because this kind of helix under the right conditions can form crystals. 
This leads us to the next example, In fact, such a thing has been done 
with Yne protein components. For example, we can make a synthetic polypetide 
r~f  moiecular weight of about 100,000 which is called phlybenzylglutamate. 
19. G. Felsenfeld, and A. Rieh, BcLochfm. et Biophys, Acta, 2, 457 (1957). 
Adenine Uracil C3 
H ',o 
Figure 8. Polyadenylic acid-polyuridylic ac id  coupled he l i ces  
This material, in solutidul by itself, forms a nice alpha-helix because of 
the possibility of internal hydrogen bonds which.~it has (~igure 9). If one' 
makes a concentrated solution of this alpha-helix, ~olybenzylglutamate (equi- 
molar D and L), in a suitable solvent under the right conditions, at first it 
looks isotropic (no stmcture visible). If you let the solution stand in a 
small capillary tube or between two plates, it takes on a banded structure, 
showing gradients -1;Bf refractivity (~igure 10). This effect has been inter- 
preted in terms of the interaction between the alpha-helices. 20 
It became immediately evident that when such regular helices pack they 
first tend to line up with their long axes parallel and adjacent, thus giving 
the greatest energy lowering because of the greater ?ran der Waals interaction 
between the  molecule^;^' but because the spirals are regular (all the amino adds 
in each molecule have the same configuration) they will pack somewhat better 
if the axes of neighboring molecules are inclined to each other at an angle 
related to the pitch of the molecular helix. This heads to the formation of 
a nacrohelix made of large numbers of individual alpha-helices. These 
macroheliees will aggregate in an ordered fashion, giving rise to the visible 
regular fluctuations in refractive f-rdex seen in Figure 10, Thus you can see 
that such viai5le structures can readily be produced out of materials re- 
sembling, in some measure at least, natural materials and whose molecular 
structure we know, i. e., we know exactly what the structures are of poly- 
20. C . Robinson and J. C . Ward, Nature, 180 1183 (1957) . J 
21. W. T. Simpson and Do L. Peterson, 6. Chem. Phys. 26 588 (1957). 
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Figure 9. Polybenzylglutamtte --alpha-helfx 

adenylic acid and we h o w  the structure of polybenzylglutamate. 
The next exanple which may be considered as representative of the 
lipid group also shows a remarkable and specific interaction with itself 
and with similar molecules. If propylene is polymerized with a suitable 
catalyst, one can get what has been called an isotactic polymer, that i s, 
a polymer in which consecutive configurations of the alternate potentially 
asymmetric carbon atoms (when the two ends are not the same) are identical 
(Figure 11). This isotactic polymer crystallizes very easily to form 
very high melting crystallites because these methyl groups are all arranged 
in a helix, all pointing in the same direction, and they can pack very well 
with each other. If one makes a random polymer out of propylene(a random 
one without this isotactic character, i. e., stabtic) one does not get this 
kind of high, melting, dense, very closely packed polymer (Figure 11) . 
This is a very specific kind of interaction, the degree depending upon 
22 
the nature of this side chain. The reason 3 picked polypropylene as 
an example is that it bears a slight resemblance to phytol. 
Now let us come to the last of the group of molecules which we know is 
required for the formation of the lamella, even the very slightest one. This 
molecule is chlorophyll; this is our favorite subject for obvious reasons. 
Unfortunately, the crystal structure of chlorophyll itself is not yet 
completely worked out, although a suggestion for the structure of crystals 
of methyl chlorophyllidt; has been made.23 So I am going to call your 
attention to t-do aspects of the structure of chlorophyll &d then go'on 
to see what we can make of it, using principles of structure which we might 
be able to devise. 
c 
22. G. Natta, Stereospecific Catalysis and Stereoisomeric Polymers. Speech 
at opening conference, XVI Congress of Pure and Applied Chemistry, Paris, 
France, July 1957. 
27. E. A. Hanson. Rec. trav. bot. Neet-1 , 76. 181 ( 1 ~ 1 ~ 1 .  
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You all know that eblorophyll is made up of an aromatic plane, about 
3.5 to 4.0 8 thick, to which is attached the phytol chain with four methyl 
groups sticking out. First of all, I want to focus your attention on the 
fact that chlorophyll is a big aromatic plane (~igure 12). You have heard 
this described many times I am sure, but what do we know about themy big 
(or even small) aromatic planes interact with each other when they get close. 
There is an obvious place to look and that is in the crystal structure of 
whatever aromatic molecules have been worked out. Although I expected 
t3 find something characteristic, I was surprised to find one charaacter- 
istic as universal as I found it. This particular aspect of the structure 
of aromatic molecules that I did find is that aromatic molecules do not tend 
--
to crystallize as stacks of cards. There is something wrong with the 
arrangement in which the aromatic planes are normal to the stacking axis; 
aromatic molecules do not tend to crystallize in that way. They are always 
tQped, at an angle to each other. Figures 13, 1424 and 15 will give you 
e-yaglples of this characteristic. Figure 13 shows the crystal structure 
of anthracene. The two outside pairs are tilted to the right so that 
we see their "under faces" and the pair in the middle is tilted to the 
left and we see their "upper facesf'. The angle of the tilt is about 45'; 
0 
so that successive planes are roughly about 90 to each other. I picked 
anthracene for another reason. It is one of the few aromatic molecules 
whose semi conductivi ty ( electri cal conductivity) has been examined in 
single crystals dong all of the crystal axes. I was very interested to 
note wha,t orientation was required between molecules of this kind to give 
the besttransfer of electrons between them. It turns out that the conduct- 
24. R.W.G. Wyckoff, Crystal Structure, VoE. V, Interscience Publishers,Inc., 
New York, New York. 
Figure 12a. Structure of Chlorophyll 
w edge 
Figure l2b. Space occupied by the chlorophyll molecule 
A packing drawing of the anthracene 
structure projected on its b face. 
MU- I624 1 
Figure 13. Crystal Structure of anthracene 
XIV. DERIVATIVES OF BENZENE 
Figure XNA,Gb. A packing drawing of the 
coronene s t ruc tu re .  
F igwe 94. Crystal structure of coronene 
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Figure 15. Idealized aromatic crystal 
i v i t y  i n  the  horizontal  plane i s  i sot ropic  i n  a l l  di rect ions .  The con- 
duc t i v i t y  i n  the  v e r t i c a l  d i rect ion i s  very small. The reason f o r  t h a t  
i s  important f o r  us t o  recognize. But before describing what I bel ieve 
t o  be the  reason fo r  t h i s  behavior of conductivity i n  anthracene I want 
t o  show a few more examples of aromatic molecules i n  which the  c r y s t a l  
s t ruc ture  has been well established.  
Figure 1 4  i s  a molecule of even bigger aromatic s t ructure ,  coronene. 
Here again you w i l l  no t ice  t h a t  the two bottom molecules and the  two top 
ones a re  t i l t e d  downwards (looking down on the  top face  of the  molecule), 
the  center ones a re  forward and a re  t i l t e d  up (we a r e  looking a t  the  
bottom face  of the molecule). Again, the  angle of tilt i s  about 45'. 
The reason t h a t  they a r e  packed a t  angles l i k e  t h i s  seems t o  be t h a t  
the  hydrogen atoms on t he  carbon atom around the  edge of the  anthracene, 
o r  o ther  aromatics, cons t i t u t e  regions of exposed pos i t ive  charge and 
a s  such would seek t o  avoid each other.  
Thus a c ry s t a l  i n  which the aromatic planes were normal t o  t he  stack- 
ixg axis  ( ~ i ~ u r e  15a) would require the  exposed hydrogen atoms t o  l i e  adjacent 
t o  one another i n  a l l  three  di rect ions  giving a maximum of repulsion 
and leading t o  an unstable form. If the  planes a r e  t i l t e d  a t  approx- 
0 imately 45 the  exposed hydrogen atom would tend t o  be buried i n  the  
pi -e lect ron clouds of neighboring molecules ( ~ i g u r e  1%)) thus leading t o  
a more s tab le  form. This apparently, i s  the  reason why the  aromatic r ings  
always tilt t o  give the be s t  kind of in te rac t ion  energy. 
Let us re tu rn  t o  t he  conductivity question now. It i s  c l ea r  t h a t  
charge (e lect rons)  w i l l  move most e a s i l y  i n  the  aromatic planes, i.e., 
cocductivity i n  the  aromatic plane w i l l  be high compared t o  conductivity 
normal t o  it. The conductivity of graphite i n  the  cleavage plane i s  
6 
-10 tines the conductivity across it. Furthermore, in an aromatic hydro- 
carbon for which the aromatic plane is of limited extent (in contrast to 
graphic) it may be expected that the transfer of charge between the limited 
aromatic planes will he easier in a direction normal to the aromatic plane 
than in it across the nonoverlapping areas occupied by the hydrogen atoms 
(~igure 16). Thus, by tilting the molecules as represented in anthracene 
the best combination of in-plane motion and transfer of charge between 
planes in the direction normal to them where the pi-overlap is greatest 
achieves the best arrangement, or conductivity, in a molecular cnstal 
(~igure 16b). 
The last crystal structure which I would like to show you is that of 
nickel phthalocyanine (~igure 17) which is perhaps the most complex of 
them all because the tilt is in all three directions, In other words, 
these molecules are tilted not only with respect to the x and y plane 
but also with respect to the y and z plane as well, so that if we were 
to draw the three axes, the molecule would be lying somewhere on a plane 
tilted to all three axes (~igure 18). The conductivity of the phthalo- 
cyanine is very nearly isotropic; there isn't any fa~red directidn. 
This kind of layer is the type which I think might best account for the 
ordering ability of chlorophyll (and of protochlorophyll) in producing the 
lmellae. This tendency to form layers like those of the aromatic molecules 
described above (anthracene, coronene, phthalocyanine) in which the molecules 
are laid out in this alternating pattern would dominate the structure. 
Looking down on a chlorophyll layer we would then have dsituation where 
one molecule would be tilted one way and the next one would be tilted 
the other way. They are tilted on all three axes like phthalocyanine, 
electrode overlap of TT electrons electrode 
FIGURE 16b 
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FIGURE 160 
MU-I5770 
Figure 16. Semiconduction properties of idealized 
aromatic structures. 
XV. ALICYCLIC AND HETEROCYCLIC COMPOUNDS 
Figure XV, C, lb.  A packing 
drawing of the n i cke l  phthalocyanine 
s t ruc ture  viewed along the bo-axis. 
The metall ic  atom is black, the.nitrogen 
atoms are line-shaded. 
MU- 16240 
Figure i7. Crystal structure of nickel  phthalocyanine 
F i g w e  18. Porphyrin plane inclined to all three axes 
and this would account for Goedheer's ability to see only a small 
dichroism in the lamellae in the layered chloroplasts of one of these 
2 
algae (~ou~ateaf , in which all the lamellae are parallel to one of the 
axes of the algae. 
Using these rather elementary, but basic and far-reaching prin- 
ciples of molecular interaction which we have just described, we can 
suggest an arrangement of the three principal types of molecules which 
we know to be present in and essential to the mctioning of the photo- 
chemical apparatus in the lamellar form. Such a proposal is shown in two 
sections in Figure 19. Figure 19a depicts the arrangement of aromatic 
chlorophyll plates, shown in more detail in Figure 12b9 as they would 
presumably arrange themselves in determining not only the lamellar struc- 
ture itself but Also its asymmetry, and im, its two-sidedness. These 
tilted aromatic plates will provide the uniform horizontal conductivity 
in the lamellae on either side of which will lie the sites for trapping 
of electrons and holes. A vertical section through a lameke is shown 
in Figure lgb, and the relationship is depicted on the porphyrin plate 
to the carbon-reducing enzymes on the aqueous side of the layer and of 
the phytol and the carotenoid and oxygen-evolving systems on the other 
side. As presently viewed you can see that the dominating influence in 
the formation of these layer-like structures appears to be the aromaticity 
3f the porphyrin head (see also the crystal structure suggested by Hanson 
for methyl chl~roph~llide), and the principles of the interaction of such 
aromatic molecules, together with the lipid character of the phytol tail, 
25. J. C. Goodheer, Biochim. et Bfophys. Acta, -9 16 471 (1955). 
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Figure 19, Schematic representation of possible molecular 
structure for a lamella 
and the principles of the interaction of such lipid molecules as suggested 
by the crystallization of polypropylene. 
The determination of the nature of the electron traps, on the one 
hand, and of the hole traps, on the other, would appear to be one of the 
fruitful areas of future investigation. One can imagine that the site of 
electron trapping might very well be such things as iron porphyrins or 
iron chlorphyll, occasionally interleaved with the magnesium compound, 
or perhaps imbedded, as heme, in the protein adjacent to the chloro- 
phyll layer. On the other side, the sites of the hole capture might also 
be another type of metal complex, for :example, copper or perhaps even 
the carotenoid itself, or something related to it, which could provide 
the electrons for neutralizing, or trapping, the holes. 
It will be of considerable interest to see how this concept of the 
separation of oxidizing and reducing power will eventually merge with 
ordinary solution chemistry in which such possibilities as cytochrome 
and copper enzymes p&ay corresponding roles. 
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